An account is given of work in an asbestos textile factory and of the steps taken to reduce exposure to dust since the introduction of the Asbestos Industry Regulations in I93I.
2. F. Knox, S. Holmes, R. Doll, and I. D. Hill 'scheduled areas' of a large asbestos textile factory. In that study the mortality experience was reported to the end of I953. Subsequently the period of observation was extended to the end of I96I and the scope was broadened to include men and women who had been employed since I933 and had worked in the 'scheduled areas' for at least io years (Knox, Doll, and Hill, I965; Hill, Doll, and Knox, I966) .
In the present study we have extended the period of observation to the end of June I966, added further workers who have qualified for inclusion in the defined groups, and examined the trends in mortality attributed to different causes with age and with the duration and period of exposure. We also report, in relation to these findings, the extent to which it has been possible to limit exposure to asbestos dust in the factory.
Places of Work
In an asbestos textile factory the sequence of operations proceeds from the receipt of the raw asbestos fibres to the finished textile product in woven or plaited form. The stages are:
(i) Fiberizing The raw asbestos, which has already been prepared at the mines by milling the rock, screening, and separating the fibres by air currents, arrives in bags. These are opened; the fibres are blended, and the fibre bundles are broken down further in enclosed drum-like fiberizing machines with rotary metal beaters. The fibres are then bagged again for transmission to the next process.
(2) Carding The formless mass of fibrous material is converted into a gossamer-like web which is divided into tapes and rubbed into sliver consisting of strands of short fibres made parallel to each other (O 7 to I 0 cm. in length). Much dust is produced, and ventilation at a rate of approximately 2,500 cu. ft. of air per minute (7I m.3 per minute) per carding machine is required to carry it away through ducts, a rate which produced the levels of fibre count at the front of the machine that are shown in the last two columns of Table I . Different grades of sliver are produced, some of which are used in other manufacturing processes without further preparation.
(3) Spinning Most sliver is spun into yarn.
(4) Weaving Preparations of warp (beaming) and of weft (pirn winding) are preliminary to weaving on looms. A variety of woven materials are produced from yarns ranging from fine tapes (listing weaving) to wide cloths and including webbing and brake linings.
(5) Plaiting Ropes are produced of different specification which are sometimes impregnated with graphite or other lubricant for the manufacture of packings.
'Scheduled areas' are the parts of the factory to which the regulations for the asbestos industry apply (Asbestos Industry Regulations, I93I). They comprise areas for the operation of crushing and opening, textile processes, insulation fabrication, mattress making or repairing, all sawing and grinding, and the cleaning of chambers or appliances for asbestos dust collection.
The report by Merewether and Price (I930) suggested that 'to prevent the full development of the disease (asbestosis) among workers within the space of an average working life-time, it is necessary to reduce the concentration of dust in the air of the workroom to a figure below that pertaining to spinning at the time over which the cases (i.e., those dealt with in the Asbestos Report) were exposed'. To implement the practical application of this principle the asbestos industry in I93I collaborated with the Factories Department (then in the Home Office, now in the Department of Employment and Productivity) in devising methods of dust control. As a result, it was agreed that the conditions arising from flyer spinning, carried on without exhaust, but under good conditions of room ventilation, should be taken as 'dust datum' for practical purposes (Report on Conferences between Employers and Inspectors, I93I). This level of dust production was accepted as the basis on which to assess the dustiness of other processes, and it is of interest to note that in 1956 Meiklejohn considered that nothing had emerged to suggest the need to depart from this practical standard.
The principal methods laid down to achieve dust control are:
(a) application of exhaust draught at dustproducing points; Various methods of dust sampling were used at irregular intervals until I95I when routine dust sampling in the principal parts of the factory was introduced. The Casella Thermal Precipitator instrument was used and the samples were incinerated before being counted at a magnification of x I,000; all visible particles were counted. This system was in use until I960, and was invaluable in assisting the engineers in the many improvements then being made. Unfortunately, while particles were included down to the limit of visibility (0-2 micron), the instrument was not efficient in capturing the large fibres (above io microns long), and these fibres were not generally seen in the dust deposited on the counting slides. The Long Running Thermal Precipitator, which collected the sample by a combination of settlement and thermal precipitation, was therefore adopted. Counting was done without incineration at a magnification of x 500 and only those fibres were counted which were between 5 and I00 microns long and whose length was at least three times the diameter. Correlation between the two sets of results proved difficult because the new fibre count was in a sector of the dust spectrum only partly included by the old sampling method. A subsequent change in I965 from the Long Running Thermal Precipitator to cellulose membrane sampling did not introduce any further complication, as the results, when the new method was properly established, were directly comparable with those obtained previously. Table I shows average dust levels in parts of the factory where different processes were carried out at the beginning (I952) and the end (I960) of the Casella Thermal Precipitator period, at the beginning of the Long Running Thermal Precipitator period, and with the cellulose membrane fibre counters at the end of the period under observation. There were considerable deviations from the mean figures from time to time, a typical figure for the coefficient of variation in the I966 data being 40%. The location of the process itself was in some cases changed during the period under review, and sampling points have also changed over the years. It should be noted that sampling, in the past, was geared to the engineering work in progress and not specifically directed towards an assessment of the biological hazard.
The fibre count figures in the Table III shows the observed numbers of deaths classified according to the certified cause in comparison with those expected from national rates. As previously reported, the men who were exposed for I0 or more years before I933 (group i) are shown to have had a highly significant excess of deaths from lung cancer and also from diseases of the circulatory and respiratory systems. In three instances cancer of the lung was discovered post mortem but was not mentioned on the death certificate; these deaths have not been attributed to lung cancer as it is not now possible to discover whether the information was reported to the Registrar General.' The small excess of deaths due to other neoplasms is not statistically significant. It may be noted, however-in view of the finding of an excess mortality from gastro-intestinal cancer in insulation workers who were regularly exposed to asbestos in the United States of America (Selikoff, Churg, and Hammond, I964)-that the five deaths were attributed respectively to cancer of the stomach (I), colon (2), gall-bladder (i), and prostate (i).
A significant excess of deaths from lung cancer is recorded also among men who worked in the scheduled areas before I933 but for less than I0 years (group 2). The ratio of observed to expected deaths (3-2: I) is, however, much smaller than for men who were exposed for I0 or more years (Io-2:I). In addition to the five men whose deaths were attributed to lung cancer, one other man, whose death was certified as due to myocardial degeneration, was found to have cancer of the lung post mortem.2 The number of deaths from diseases of the circulatory and respiratory systems (ii) is only slightly greater than the expected nuimber (7-94); asbestosis was, however, mentioned on nearly half of the death certificates (5 out of II Secondly, the observations on men who have worked in the scheduled areas for more than 20 years (group 3) are few, and previous experience has shown that the risk of lung cancer is relatively small until after 20 years' exposure. Thirdly, the ratio of all observed to expected deaths in men in group 3 (I-4:I) is the same as in men who were exposed before I933, but for less than IO years (group 2). Fourthly, two deaths from lung cancer occurred in women-an unexpected observation in view of the rarity of the disease in women in the country as a whole (P = 0-025).
One explanation of this last finding may be that women who work in factories smoke more than other women of the same ages, so that the national mortality rates provide an unsuitable standard for assessing the existence of a specific occupational hazard. One of the two women who died of lung cancer, however, was a non-smoker.
The only other notable finding is the excess of deaths from diseases of the circulatory system in men who had worked for 20 years in the scheduled areas, but only since 1933 (9 deaths against 403 expected). None of the men were known to have had asbestosis and the group showed no corresponding excess of deaths from respiratory disease. It seems probable, therefore, that this is a chance finding of no medical importance (P = 0-022, one-tail test), but the possibility of a continuing hazard must be borne in mind.
One of the difficulties in interpreting these results is that duration of employment before I933 is closely correlated with the duration of observation and the individual worker's age, both of which may be related to the risk of developing disease. An analysis has, therefore, been made of the trends in mortality in relation to each of these factors after standardizing for the other two. The analysis has been limited to men who were employed for 20 or more years (groups I, 2, and 3) and the expected numbers of deaths have been calculated for each cell of the three-dimensional table formed by three exposure groups (more than io years before 1933, some exposure before I933 but less than IO years, and no exposure before I933); six duration of observation groups (0-4 years to 25-29 years after completing 20 years' exposure); and IO five-year age groups (30-34 years to 75-79 years). The analysis has been made separately for three categories of death (lung cancer, other causes with asbestosis, and other causes without asbestosis), and for this purpose-since the comparisons are entirely within the series and not with national mortality data-we have classified death as being due to lung cancer whenever the disease was diagnosed at necropsy, irrespective of the diagnosis on the certificate. The total number of lung cancer deaths available for analysis is, therefore, 23. In these Tables, it will be noted, the 'expected' numbers are derived from the experience of the workers studied as a whole and bear no relation to the 'expected' numbers in Table III (Table IV) ; (2) a highly significant increase in mortality from lung cancer and other diseases without asbestosis with increase in age at exposure (Table V) ; and (3) no evidence of a change in mortality for any causes of death with the passage of time after completion of 20 years' work in the scheduled areas (Table VI) .
These results are, in large part, those that would be expected if exposure to asbestos dust was responsible for a substantial proportion of the deaths from lung cancer and from other diseases with asbestosis but was unrelated to other diseases without asbestosis. They confirm that there has been a significant decrease in the occupational hazards since 1932. Two other findings call for comment. First, the trend in the mortality from lung cancer with age at exposure accords with some other human data, but is contrary to the conclusions that have been drawn from animal experiments (Doll, I964) . In part it may be due to the inclusion of four or five cases due to other and non-occupational causes. Secondly, it is surprising to find that, after standardization for age, neither the mortality from lung cancer nor the mortality from other diseases with asbestosis increases with the passage of time after the completion of 20 years' work in the scheduled areas.
It must be remembered, however, that exposure to asbestos dust has changed at irregular intervals throughout the whole period of observation and the crude classification of exposures into three groups according to the length of employment before I933 cannot adequately allow for these changes. How this has biased the results Since I935, when the first death from lung cancer in our series was reported, records have also been kept of all coroners' necropsies on men and women known to have been employed at the factory.2 Review of these records revealed four other cases which have been accepted as mesothelioma of the pleura by Dr. J. C. Wagner. Occupational histories and other data relating to the five men and women who developed mesothelioma are summarized in Table VIII . Only one man among these had been employed in the scheduled area for more than I0 years. Three died more than 40 years after first exposure to asbestos and one of these had been employed in the factory less than one year. From previous experience (Doll, 1955) , it appears that the specific risk of bronchial carcinoma is relatively small with less than 20 years' exposure so that the contrast with pleural mesothelioma in these data is marked. Follow-up information has not been obtained for all men and women who have ever been employed in the scheduled areas, so that it is not now possible to make any accurate estimates of mortality. It is known, however, that over I2,000
'Including the man shown in Table VII 'Also included in Table VII. 2Also employed for I5 years in the rubber department (I929-44) and 20 years in the warehouse (I944-64).
3Also employed in the warehouse, I929-30.
workers were employed in the scheduled areas at some period between I930 and I952.
